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ADAR2-editing activity inhibits glioblastoma growth through 
the modulation of the CDC14B/Skp2/p21/p27 axis 

F Galeano 1 , C Rossetti 1 , S Tomaselli 1 , L Cifaldi 1 , M Lezzerini 1 , M Pezzullo 1 , R Boldrini 1 , L Massimi 2 , CM Di Rocco 2 , 
F Locatelli 1 ' 3 and A Gallo 1 



Grade IV astrocytoma or glioblastoma multiforme (GBM) is one of the most aggressive and lethal tumors affecting humans. ADAR2- 
mediated A-to-l RNA editing, an essential post-transcriptional modification event in brain, is impaired in GBMs and astrocytoma cell 
lines. However, the role of ADAR2 editing in astrocytomas remains to be defined. Here, we show that ADAR2 editing rescue in 
astrocytomas prevents tumor growth in vivo and modulates an important cell cycle pathway involving the Skp2/p21/p27 proteins, 
often altered in glioblastoma. We demonstrate that ADAR2 deaminase activity is essential to inhibit tumor growth. Indeed, we 
identify the phosphatase CDC14B, which acts upstream of the Skp2/p21/p27 pathway, as a novel and critical ADAR2 target gene 
involved in glioblastoma growth. Specifically, ADAR2-mediated editing on CDC14B pre-mRNA increases its expression with a 
consequent reduction of the Skp2 target protein, as shown both in vitro and in vivo. We found that, compared to normal brain, both 
CDC14B editing and expression are progressively impaired in astrocytomas from grade I to IV, being very low in GBMs. These 
findings (1) demonstrate that post-transcriptional A-to-l RNA editing might be crucial for glioblastoma pathogenesis, (2) identify 
ADAR2-editing enzyme as a novel candidate tumor suppressor gene and (3) provide proof of principle that ADAR2 or its substrates 
may represent a suitable target(s) for possible novel, more effective and less toxic approaches to the treatment of GBMs. 
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INTRODUCTION 

Astrocytomas are tumors affecting the central nervous system 
and are classified by the World Health Organization (WHO) 
in increasing grades of malignancy from grade I to IV. 1 Grade IV 
astrocytoma or glioblastoma multiforme (GBM) is a highly 
aggressive brain tumor, with a median survival that rarely 
exceeds 18 months in both children and adults. 2,3 GBM is 
resistant to conventional radiotherapy and chemotherapy and, 
in contrast to other cancers, patient outcomes have only 
marginally improved in the past decades. 4 This is mainly due to 
the lack of comprehensive knowledge of the molecular pathways 
involved in GBM. 5,6 Several studies have focused on the genomic 
characterization of mutations in genes important in human 
astrocytomas, and different lines of evidence have been 
accumulated regarding the molecular pathways altered in these 
tumors. 7,8 The Skp2 protein, a critical component of the Skp2-SCF 
complex, is frequently impaired in GBMs. 9,10 This protein acts as an 
E3-ligase on specific target genes such as p27 Kipl and p 2i Ci P 1/Wafl/sdil 
by driving their ubiquitylation and degradation. 11 Notably, Skp2 
overexpression is frequently observed in human cancers including 
glioblastomas. 12,13 Conversely, its target genes p27 and p27, 
known to have a pivotal role at the G1/S checkpoint, are found 
down-expressed. 14,15 Interestingly, all these genes were rarely 
found mutated in cancers, 15,16 highlighting the importance of 
post-transcriptional mechanisms in GBM physiopathology. 

In mammals, A-to-l RNA editing is mediated by three different 
ADAR (adenosine deaminase acting on RNA) enzymes. ADAR1 and 
ADAR2 are ubiquitously expressed and catalytically active enzymes, 



whereas ADAR3 is only expressed in the brain and catalytically 
inactive. 17 " 19 ADARs bind dsRNA through their N-terminal RNA- 
binding domains and convert adenosine into inosine via their 
C-terminal catalytic domain (deaminase domain). 17-19 Inosine is 
recognized as guanosine by both splicing and translational 
machineries. 20,21 Consequently, ADARs have the potential to 
'fine-tune'/modulate genomic information with important 
consequences on several RNAs and proteins. 

A-to-l RNA editing is highly frequent in mammalian brain 
compared with other tissues. 18,22 In particular, ADAR2-editing 
activity is crucial for the function of many proteins expressed in 
central nervous system 23-26 and is essential for normal brain 
development. 27 Indeed, Adar2~ / ~ mice die shortly after birth, 
displaying a severe neurological phenotype. 28 

The importance of A-to-l RNA editing on coding regions has 
been largely documented. 23-26 The vast majority of editing events, 
however, lies within non-coding sequences of pre-mRNAs, such as 
introns and untranslated regions, and are usually clustered within 
dsRNA structures formed by the pairing of inverted-repeated 
Alu elements 29-33 The biological meaning of such events is yet to 
be understood, though the emerging picture is that editing in 
non-coding regions might modulate gene expression by altering 
splicing, localization and degradation of target RNAs. 34,35 

A variety of human cancers exhibits global hypo-editing in both 
coding and non-coding regions of several transcripts. 36-38 
Moreover, ADAR2 editing is impaired in GBM and astrocytoma 
cell lines. 37-39 However, we still do not understand whether the 
loss of ADAR2 editing is relevant to astrocytoma tumor growth. 
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In this study, we show that ADAR2 inhibits astrocytoma tumor 
growth in vivo; furthermore, we have identified a new ADAR2 
target gene and an ADAR2-responsive molecular pathway that are 
involved in cell proliferation through cell cycle modulation. 



RESULTS 

ADAR2-editing activity inhibits astrocytoma growth in vitro and 
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We and others have previously shown that high-grade astro- 
cytomas and astrocytoma cell lines lack ADAR2-editing activity as 
tested on numerous target genes. 36-38 We thus investigated 
whether ADAR2 in astrocytoma cells would affect in vivo tumor 
growth. 

To this end, we generated a novel polyclonal astrocytoma 
derivative U118 cell line (EGFP-ADAR2, hereafter referred to as 
ADAR2), expressing the exogenous ADAR2 protein at almost 3-fold 
over the endogenous protein levels (Figures 1a and b), differently 
from the U118 cell lines previously used in which ADAR2 was 
expressed > 10-fold over the endogenous enzyme. 37 This level of 
ADAR2 protein was adequate to rescue normal editing levels at 
specific sites, such as those found in normal white matter 
(Supplementary Figures S1a and b) and primary astrocytes (data 
not shown). As controls, we generated polyclonal cell lines 
expressing identical levels of the inactive version of ADAR2 
(EGFP-ADAR2 E/A, hereafter referred to as ADAR2 E/A; Figures 1a 
and b) and the empty vector (EGFP, hereafter referred to as 
vector). ADAR2 E/A was generated by a single point mutation in 
the catalytic domain that changes the key glutamate residue 
(E396) into an alanine, while the RNA-binding capability of the 
protein remains unaffected. 40-42 The endogenous expression of 
ADAR1 was not modified by ADAR2 upregulation (Supplementary 
Figure S2). The modified U118 cell lines (ADAR2, ADAR2 E/A and 
vector) and untreated U118 cells were tested in parallel for cell 
proliferation, cell cycle progression and apoptosis (from day 1 to 4) 
(Figures Ic-e). The in vitro assays demonstrated that a threefold 
expression of the active ADAR2 induces a statistically significant 
decrease in cell proliferation (~40% at 96 h compared to the 
controls) (Figure 1c) with a reduction of cell percentage in S-phase 
and a correlated increase of the G1-phase cell population (30% at 
48 h) (Figure Id). There was no evidence of either apoptosis 
(Figure 1e) or toxic effects (MTT test, data not shown). 

Next, we tested whether the ADAR2-editing activity may restrict 
astrocytoma growth in vivo as well. To address this issue, we 
subcutaneously injected 2.5 x 10 6 cells from each cell line (with 
EGFP cells showing >99% positivity with identical mean intensity 
of fluorescence) into the flank of nude mice (20 mice per cell line, 
in two independent experiments). Tumor growth was monitored 
every 2 days for over 1 month (Figure 2a). 

The mice injected with ADAR2 E/A cells developed an actively 
growing solid tumor, with an average size ranging from 
0.092 cm 3 ± 0.008 (at day 15 post-injection) to 0.161 cm 3 ±0.014 
(at day 26 p.i., tumor growth peak), with a 1.75-fold increase 
(Figure 2a). In contrast, all 20 mice injected with ADAR2 cells 
developed an extremely small tumor mass, with an average size 
ranging from 0.062 cm 3 ± 0.009 (at day 1 5 p.i.) to 0.070 cm 3 ± 0.005 
(at day 26 p.i.), with a 0.13-fold increase (Figure 2a). The difference 
in tumor growth between mice injected with ADAR2-U118 cells 
and those injected with all control cell lines (ADAR2 E/A, vector 
and untreated) was statistically significant (P<0.01; Figure 2a). 
Moreover, mice injected with cells expressing the active ADAR2 
survived longer than controls; in particular, all control mice died 
within 48 days p.i., while mice injected with ADAR2-U118 cells 
survived in healthy conditions for 60 days (ADAR2 versus ADAR2 E/ 
A, P<1 x10~ 8 ; Figure 2b). To rule out the possibility that a 
higher number of cells overexpressing active ADAR2 might 
develop a growing tumor, 8 x 10 6 ADAR2 cells were also injected 
in parallel with the control cell lines (10 mice per cell line). 
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Figure 1. ADAR2-editing activity regulates astrocytoma cell prolif- 
eration through cell cycle modulation, (a) ADAR2 immunoblotting 
of total protein extracts from Ul 18, ADAR2 and ADAR2 E/A cells, (b) 
Relative protein expression is normalized using p-actin and 
expressed as arbitrary unit compared with the endogenous protein 
arbitrary set to 1. (c) Proliferation curve of 5x10 4 U118 cells 
untreated (light gray) or stably transfected with vector (dark gray), 
ADAR2 (red) and ADAR2 E/A (black) from day 1 to 4. Error bars 
indicate s.d. of five independent experiments. Mean±s.d. (n = 5), 
*P<0.05, **P<0.01 when ADAR2 and ADAR2 E/A cells are 
compared, (d) 5 x 10 4 cells were tested for cell cycle distribution 
(BrdLI plus PI) and analyzed by FACSCanto II flow cytometer from 
day 1 to 4. Experiment of ADAR2 cells (red) and the inactive ADAR2 
E/A (black) cells at 24-48 h after seeding are shown. Mean ± s.d. 
(n = 3), *P<0.05, **P<0.01. Identical results were obtained using the 
Click-iT EDU Flow Cytometry Assay Kit (Invitrogen). (e) 5 x 10 4 cells 
were tested for apoptosis from day 1 to 4. ADAR2 cells (red) and the 
inactive ADAR2 E/A (black) cells are shown. Mean ± s.d. (n = 3). Of 
note, 5 x 10 4 cells were seeded simultaneously and proliferation (c), 
cell cycle (d) and apoptosis (e) were performed in parallel. 



Again, we observed that the cells overexpressing active ADAR2 
did not give rise to growing tumors, while the three control cell 
lines already produced a visible solid tumor 6 days p.i. (data not 
shown). As ADAR2 modulates the cell cycle at the G1/S transition 
in vitro (Figure 1d), we also analyzed the cell cycle profile of cells 
(U118 untreated and ADAR2) isolated directly from xenograft 
tumors at day 15 p.i. Our results demonstrated that ADAR2 slows- 
down cell entry at the G1/S transition also in vivo (Supplementary 
Figure S3). 
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Figure 2. ADAR2-editing activity inhibits astrocytoma tumor growth, (a) Tumor growth curve of 2.5 x 10 6 U1 18, vector, ADAR2 and ADAR2E/A 
cells. Tumor volume was measured and plotted as the fold increase relative to the first tumor measurement set as 1 (y-axis). Days post injections 
are shown on the x-axis. Mean±s.d. (n = 20), *P<0.01 when ADAR2 and ADAR2 E/A tumors are compared, (b) Kaplan-Meier plot analysis of 
cumulative survival of indicated mice (2.5 x 10 6 U1 18 cell lines), (c) Immunohistochemistry analysis of ADAR2 and ADAR2 E/A tumors dissected at 
the exponential growth phase (15 days post-injection). Representative fields of tumor sections stained with anti-GFP, anti-Ki67 and TUNEL (arrows 
show apoptotic cells) antibodies are shown in the left panel. Percentage of positive cells for GFP, Ki67 and TUNEL in untreated U1 18 (light gray), 
vector (dark gray), ADAR2 (red) and ADAR2 E/A (black) tumors are shown in the right panel. Mean ±s.d. (n = 10), *P<0.01. 



Biopsies from tumors in the exponential growth phase (day 15 
p.i., 2.5 x 10 6 cells) were dissected from mice and immunohisto- 
chemistry was performed. We confirmed the presence of EGFP- 
tagged proteins in the tumor masses by GFP staining (Figure 2c, 
GFP and Supplementary Figure S4). We also examined the 
proliferative activity of tumor cells (Ki67 index), finding that tumors 
overexpressing ADAR2 showed a 50% decrease in cell proliferation 
as compared with controls (ADAR2 versus ADAR2 E/A, P<0.01) 
(Figure 2c, Ki67 and Supplementary Figure S4). Next, we estimated 
the apoptotic index using the TUNEL method, finding no 
statistically significant differences among tumors (Figure 2c, TUNEL 
and Supplementary Figure S4). Similar results were also obtained 
from IHC analysis of the tumors at day 26 p.i. (data not shown). 

In conclusion, active ADAR2 decreases cell proliferation in vitro 
and in vivo by the modulation of the cell cycle at G1/S transition. 
Moreover, cells overexpressing ADAR2 considerably prolonged 
mice survival and significantly inhibited astrocytoma growth 
in vivo. 

ADAR2 modulates the key cell cycle molecules Skp2 and 
P 21 Cip /p27 Kip 

As ADAR2 modulates the cell cycle at the G1/S transition in vitro 
and in vivo (Figure 1d; Supplementary Figure S3), we tested 
whether ADAR2 activity may affect specific proteins involved in this 



checkpoint, such as p27, p21 and Skp2, which are often altered in 
GBMs. In particular, Skp2 is frequently upregulated in cancers, while 
its target proteins p27 and p21 are strongly repressed. 10,43 

We found that the functionally active ADAR2, but not the 
inactive ADAR2 E/A, significantly increased p27 and p21 protein 
levels, both in vitro (Figure 3a) and in vivo (Figures 3b and c; 
ADAR2 versus ADAR2 E/A, P<0.01). Conversely, active ADAR2 
strongly decreased Skp2 protein level both in vitro (Figure 3a) and 
in vivo (Figures 3b and c; ADAR2 versus ADAR2 E/A, P<0.01). The 
modulation of p27, p21 and Skp2 protein levels was not due to 
variations in their mRNA levels (Figure 3d). 

Of note, ADAR2 deaminase activity specifically affected the Skp2/ 
p21/p27 pathway, as other proteins, also involved in the G1/S 
checkpoint, such as CDK4, CDK2, Cyclin D1 and Cyclin E, were 
unaffected by ADAR2 overexpression (Figure 3e and data not shown). 

Taken together, our data demonstrate that ADAR2 deaminase 
activity inhibits cell proliferation through the modulation of 
specific proteins (Skp2, p21 and p27), controlling the G1/S 
transition of cell cycle. 

ADAR2 edits CDC14B and modulates its expression in 
astrocytomas 

As the editing activity of ADAR2 is required to restrict astrocytoma 
tumor growth (Figures 1-3), we searched for ADAR target genes 
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Figure 3. Analysis of p27/p21/Skp2 in vitro and in vivo upon ADAR2 expression (a) p27, p21 and Skp2 immunoblotting analysis of total protein 
extracts from vector, ADAR2 and ADAR2 E/A cell lines, (b) Immunohistochemistry of p27, p21 and Skp2 on ADAR2 and ADAR2 E/A tumor 
xenografts dissected at 15 days p.i.: representative fields are shown, (c) Percentage of p27, p21 and Skp2 positive cells detected by IHC analysis 
in tumor xenografts (15 days p.i.) originated from untreated U118 (light gray), vector (dark gray), ADAR2 (red) and ADAR2 E/A (black) cells. 
Mean±s.d., (n = 10), *P<0.01. (d) qRT-PCR analysis of p27, p21 and Skp2 mRNAs from vector, ADAR2 and ADAR2 E/A cell lines. Mean±s.d. 
(n = 4). (e) Immunoblotting of CDK4, CDK2, Cyclin D1 and Cyclin E proteins of total protein extracts from vector, ADAR2 and ADAR2 E/A 
cell lines. 



potentially involved in astrocytoma. We took advantage of a 
newly available database that includes validated or predicted 
editable substrates (DARNED; http://darned.ucc.ie) 44 and of the 
ExpEdit web server (http://www.caspur.it/ExpEdit) 45 No editing 
events were predicted in p21, p27 and Skp2 transcripts (data not 
shown). Among different possible ADAR2 target genes identified 
(data not shown), we focused on CDC14B phosphatase, as recent 
studies have demonstrated that it can act upstream of Skp2/p21/ 
p27 pathway. In detail, CDC14B promotes Skp2 degradation 
through Ser64 dephosphorylation, preventing p21/p27 protein 
degradation 46 



We therefore tested whether ADAR2 edits CDC14B, as predicted 
in silico. Among several intronic Alu elements potentially targeted 
by ADARs within CDC14B pre-mRNA, for example, within intron 
7-8 and intron 13-14, we focused on a portion of CDC14B intron 
7-8, encompassing AluJr and AluSx. These inverted Alu elements 
can be folded back in a stable dsRNA secondary structure, as 
calculated by the Zuker algorithm (free energy AG= — 391 ) 47 
(Supplementary Figure S5). Next, we evaluated the presence of 
editing events in the AluJr region by direct sequencing of cDNA 
pools obtained from ADAR2-U118 cells and normal brain white 
matter. A total of 13 adenosines were found to be edited (1-131) 
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to a similar extent in the two samples (Figure 4a; Supplementary 
Figure S5d, respectively, and data not shown), while undetectable 
editing levels were found in U118 and modified U118 cell lines 
(vector and ADAR2 E/A; Figure 4a and data not shown). Editing on 
CDC14B pre-mRNA occurred upon ADAR2 expression in at least 



three astrocytoma cell lines (U1 18, A172, U87; Figure 4a and data 
not shown), thus increasing CDC14B mRNA and protein levels 
(Figures 4b-d; Supplementary Figure S6 and data not shown), 
while decreasing CDC14B pre-mRNA at least in U118 cells 
(Figure 4b). A recovered expression of CDC14B, due to ADAR2- 
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Figure 4. RNA editing mediated by ADAR2 enzyme modulates CDC14B expression in vitro and in vivo, (a) Sequence chromatograms of a 
portion of the endogenous CDC14B intronic sequence (intron 7-8) isolated from U1 18 gDNA/cDNA and U1 18 ADAR2 cDNA. Editing (herein 
identified as 1-41 and 131) appears as a double peak of adenosine (in green) and guanosine (in black) in cDNA pools. Editing positions and 
percentages are indicated, (b) Representative experiment of semi-quantitative RT-PCR of CDC14B pre-mRNA and mRNA in ADAR2 and ADAR2 
E/A cells. Levels of expression are expressed in arbitrary units calculated as a relative-fold increase compared to ADAR2 E/A sample arbitrarily 
set to 1. Samples are normalized to p-actin. Primer sequences are shown in Supplementary Table SI. (c) qRT-PCR of CDC14B mRNA in vector, 
ADAR2 and ADAR2 E/A cells. Mean ± s.d., (n = 3), *P<0.01. (d) CDC14B immunoblotting analysis of total protein extracts from vector, ADAR2 
and ADAR2 E/A cell lines (left panel) and relative densitometric analysis (right panel), (e) Immunohistochemistry on ADAR2 and ADAR2 E/A 
tumor xenografts with anti-CDC14B antibody. Representative fields are shown. 
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editing activity, was also demonstrated in astrocytoma xenografts 
compared with the controls (ADAR2 E/A) (Figure 4e). 

This intriguing connection between ADAR2-mediated editing in 
a non-coding sequence of CDC14B and CDC14B expression was 
further confirmed by a reverse experiment in which we reduced 
the level of exogenous ADAR2 in the ADAR2-U118 cells by RNAi 
(Figure 5a). Stable silencing of ADAR2 decreased both editing at all 
the identified sites within the CDC14B transcript (Figure 5b and 
data not shown) and CDC14B mRNA expression levels (Figure 5c; 
scramble versus siADAR2, P<0.01). Moreover, siADAR2 cells 
showed a significant re-acceleration of cell proliferation rate when 
compared with scramble cells and ADAR2 cells (Figure 5d). Of 
note, siADAR2 cells behaved similarly to the untreated U118 cells 
(Figure 5d). 

Finally, transient silencing of endogenous ADAR2 was per- 
formed in the A172 astrocytoma cell line. These cells are 
malignant but not tumorigenic and, in contrast to U118, display 
a measurable editing level (-80%) at the GluR-B Q/R site (data not 
shown). Editing at this ADAR2-specific site is a useful indicator of 
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the effect/extent of ADAR2 activity. A172 cells silenced for ADAR2 
(70% reduction of ADAR2 at 72 h post transfection; Figure 5e) 
showed a decrease of CDC14B expression level (scramble versus 
siADAR2, P<0.01 at 72 h p.t; Figure 5e) and displayed a significant 
increase of cell proliferation (Figure 5f). 

The above data suggest that ADAR2-mediated editing increases 
CDC14B expression in astrocytoma cells with a consequent 
inhibition of cell proliferation. 

Importance of ADAR2-mediated CDC14B expression in 
astrocytoma cell proliferation 

To investigate the role of CDC14B expression in cell proliferation, 
we directly transfected an equal amount of either the active 
CDC14B-flag or the inactive C314S-CDC14B-flag, which is unable 
to dephosphorylate Skp2, 46 in two astrocytoma cell lines (U118 
and U87) (Supplementary Figure S7a). We monitored cell 
proliferation and Skp2 levels. We found that the overexpression 
of the active CDC14B mimicks ADAR2 action with a significant 
reduction of cell proliferation and a decrease of Skp2 protein level 
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Figure 5. ADAR2 editing increases CDC14B expression and modulates cell proliferation, (a) ADAR2 immunoblotting analysis of total protein 
extracts from ADAR2-U118 cells and the same cell lines stably transfected with either scramble (scr) or siADAR2 plasmids. (b) Sequence 
chromatograms of the endogenous CDC14B transcript and editing levels of randomly selected sites are shown. Arrows indicate editing 
positions and percentages, (c) qRT-PCR of CDC14B in ADAR2, scrADAR2 and siADAR2 cells. Mean ± s.d. {n = 2), **P< 0.01 . (d) Proliferation curve 
of untreated U1 18, ADAR2, scrADAR2 and siADAR2 cells. Mean ± s.d. (n = 3), *P<0.05, **P<0.01 when scrADAR2 and siADAR2 are compared, 
(e) qRT-PCR of both ADAR2 and CDC14B at 24, 48 and 72 h after silencing of the endogenous ADAR2 in the A172 astrocytoma cell line. 
Mean±s.d. (n = 2), *P<0.05, **P<0.01 when scrADAR2 and siADAR2 are compared, (f) Proliferation curves of A172 cells silenced for 
endogenous ADAR2 and A172 scramble. Mean ± s.d. (n = 2), **P<0.01. 
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Figure 6. Importance of ADAR2-mediated CDC14B expression in astrocytoma cell proliferation (a) Western blotting analysis of Skp2 protein at 
48 and 72 h after transfection of either CDC14B-flag or C314S-CDC14B-flag in U 1 1 8; in (b) proliferation curve of the U1 18 cell lines transfected 
as in (a). Mean ± s.d., (n = 2), *P<0.05. (c) Western blotting analysis of Skp2 protein at 48 and 72 h after transfection of either CDC14B-flag or 
C314S-CDC14B-flag in U87; in (d) proliferation curve of the U87 cell lines transfected as in (c). Mean±s.d., (n = 2), *P<0.05, **P<0.01. 

(e) Schematic design for silencing and overexpression of CDC14B. Stably transfected ADAR2-U118 cells were silenced for the endogenous 
CDC14B at time 0 and, 24 h later (when we observed already a ~90% reduction of the endogenous CDC14B, see Supplementary Figure S7b), 
were transfected with equal amounts (see Supplementary Figure S7c) of either CDC14B-flag (in red) or C314S-CDC14B-flag (in black) plasmids. 

(f) Proliferation curve of ADAR2-U1 18 cells silenced for endogenous CDC14B (in gray) and transfected 24 h later with either CDC14B-flag (in 
red) or C314S-CDC14B-flag (in black) plasmids. As a control of proliferation, we used the ADAR2-U118 cell line (in blue). Mean ± s.d., (n = 2), 
**P<0.01 when ADAR2 C314S-CDC14B-flag was compared with ADAR2 CDC14B-flag at 72 and 96 h; *P<0.05 when we compared ADAR2- 
U1 1 8 to ADAR2 C314S-CDC14B-flag or to ADAR2 CDC14B-flag at 72 and 96 h. (g) Western blotting analysis of Skp2 protein at 72 and 96 h after 
transient tranfection of CDC14B-flag and C314S-CDC14B-flag in ADAR2-U1 18 cells silenced for endogenous CDC14B. 



when compared to its inactive form, in both astrocytoma cell lines 
(Figures 6a-d; P<0.05 in U1 18 and P<0.01 in U87 at 72 h p.t). 

To elucidate the contribution of CDC14B in ADAR2-mediated 
astrocytoma proliferation arrest, we first silenced the endogenous 
CDC14B in an ADAR2 background (ADAR2-U118 cells). Twenty-four 
hours later, we ectopically reintroduced an identical amount of 
either the active CDC14B-flag or the inactive C314S-CDC14B-flag 
(Figure 6e). Experimental controls for silencing of the endogenous 
CDC14B and overexpression of the exogenous CDC14B-f\ag are 
shown in Supplementary Figures S7b and c, respectively. 
A statistically significant difference in cell proliferation was found 
between the stably transfected ADAR2-U118 cells (which promote 
an endogenous upregulation of CDC14B; blue line in Figure 6f) and 
the ADAR2-C314S-CDC14B-flag (in which only the inactive CDC14B 
was present, as the endogenous CDC14B was silenced; black line in 
Figure 6f; P<0.05 at 72 and 96 h). These data imply that ADAR2- 
mediated CDC14B upregulation is sufficient to significantly decrease 
cell proliferation (difference in cell proliferation between blue and 
black lines in Figure 6f). An additional upregulation of active 
CDC14B-flag in ADAR2-U118 cells (red line in Figure 6f) further 
inhibited cell proliferation compared with the ADAR2-U118 control 
cells (P<0.05 at 72-96 h). Importantly, Skp2 protein was analyzed in 
the same cells and was found to be downregulated only upon the 
expression of CDC14B-flag (Figure 6g). 



Overall, these data demonstrate that the over expression of the 
active CDC14B has an important role in astrocytoma proliferation, 
and that the level of CDC14B mediated by ADAR2 in these cells is 
sufficient to significantly inhibit cell proliferation through Skp2 
modulation. 



Direct correlation between ADAR2-editing activity and CDC14B 
expression in astrocytomas 

The existence of a direct correlation between editing and 
expression of CDC14B was investigated in 19 astrocytomas at 
different grades of malignancy and in 3 samples of control normal 
brain tissue (Table 1). Overall, the highest editing levels of the 
CDC14B transcript were found in normal tissues, while a 
progressive decrease of editing was found in astrocytoma tumor 
samples, which correlates with tumor malignancy (from grade I to 
IV), being very low in GBMs (Figures 7a and b and Table 1). 
Together with a progressive loss of editing, we found a 
concomitant decrease of CDC14B mRNA expression in the same 
tumor samples, with the lowest levels in GBMs (Figure 7c and 
Table 1). 

CDC14B protein expression was also investigated in the same 
astrocytoma samples (Figure 7d and Table 1). Specifically, CDC14B 
protein was expressed in normal astrocytes and localized in both 
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Table 1. Correlation of ADAR2-editing activity and CDC14B expression in astrocytoma tissues (grade I and IV) 




White matter Ctrl 


Grade 1 astrocytoma 


Grade IV astrocytoma (GBM) 




(n = 3J 


(n = 7) 


(n = 12) 


Outcome 








Alive (% of patients) 


100 


100 


30 


Dead (% of patients) 


0 


0 


70 


KPS score 3 








100 (% of patients) 


100 


100 


10 


RO-100 (% nf natipntO 


o 


o 


20 


<r40 (% nf natipntO 


o 


o 


70 


Ki-fi7 nrnlifprntinn inripy 

l\l \J / LSI L////CI L4t/L// / II /UCA 








f% nf r>OQlti\/P f~pllQ pvn ac mpan of tot winnlp^ + c H ^ 


ND 


2.1 (±0.7) 


33.5 ( ± 9.2) 


ADAR2 RNA editing of CDC14B 








(% of editing exp. as mean of tot samples ± s.e.m.) 








Site 1 


27 (±1.5) 


17(±1) 


15 (±0.7) 


Site 2 


1 


5 (±3) 


0 


Site 3 


7.7 ( ± 0.6) 


5.7 (±1.2) 


2 (±0.8) 


Site 4 


4.5 ( ± 0.8) 


5 (±2.6) 


1.9 (±0.9) 


Site 5 


3 (±1.2) 


4(±2) 


1.1 (±0.7) 


Site 6 


8.2 ( ± 0.8) 


8 (±1) 


2.8 ( ± 1 ) 


Site 7 


1 9 ( + 1) 


1 


o 


Site 8 


47.5 ( ± 3.8) 


31 (±2.4) 


29 (±2.6) 


Site 9 


8 ( ± 2.9) 


9 (±1.7) 


9.8 (±2) 


Site 10 


7.7 ( ± 4) 


6.5 ( ± 1 .2) 


2.5 (±0.9) 


Site 1 1 


9.8 ( ± 2.5) 


2 


11 ( + 1) 


Site 12 


8.7 ( ± 4) 


5 (±2.6) 


0 


Site 13 


24.4 ( ± 2) 


16 (±2.3) 


11 (±2) 


qRT-PCR ofCDCUB mRNA b 








(% of mRNA exp. as mean of tot samples ± s.d.) 


10 (±0.1) 


7.5 (±1.1) 


3.2 (±1.5) 


IHC of CDC14B protein expression 0 








(% of positive cells exp. as mean of tot samples ± s.d.) 


90-100 (±7.6) 


^90 (±5) 


5 (±1.4) 


a KPS, Karnofsky Performance Status, from 100 to 0, with 100 = 


normal/healthy status. 


b qRT-PCR mRNA expressed as relative fold increase compared with 


control set to 10. c The percentage of stained cells was measured by scoring 6-10 fields per section (at least five sections were considered) and positive cells 


were divided by the total number of the Hematoxylin-Eosin cells per microscopic field for each tumor/ctrl samples. 





nuclei and cytoplasm (almost 100% of positive cells; Figure 7d, top 
panel). Low-grade astrocytomas showed a similar distribution of 
CDC14B, with ^90% of positive cells (Figure 7d, bottom left 
panel). GBM tissues appeared to be virtually negative for CDC14B 
staining, with just 5% of positive cells (Figure 7d, bottom right 
panel). 

Of note, we found a statistically significant correlation between 
editing and mRNA expression of CDC14B in human astrocytoma 
tumors as found in 5/13 editing sites (site 1, 3, 6, 7 and 12) using a 
non-parametric Spearman's correlation (Figure 7e). 

In summary, we found that ADAR2 is active and CDC14B is both 
edited and expressed in normal white matter; on the contrary, a 
progressive reduction of ADAR2 activity and of CDC14B editing 
and expression was detected with increased astrocytoma tumor 
progression (from grade I to IV) and aggressiveness (Ki67, KPS and 
outcome) (Table 1). 



DISCUSSION 

A-to-l RNA editing displays low variability among humans, 48 
indicating that the editing machinery is tightly regulated in 
healthy individuals. However, deranged RNA editing levels were 
found in many different human cancers including glioblastomas. 49,50 
It has been shown that ADAR2-editing activity decreases in 
GBMs 37 ' 38 and editing at the GluR-B Q/R site is essential in 
inhibiting astrocytoma invasiveness. 51 Adar2 knockout mice die 
soon after birth due to severe neurological defects 28 and hence 
do not develop tumors. However, it is possible that ADAR2 
ablation alone may not be sufficient to start a tumorigenic process 



(gliomagenesis), but multiple tumorigenic events/inputs are 
necessary, as occurs for several well-known tumor suppressor 
genes. 52-54 Despite the fact that the reduction of ADAR2 editing 
seems to be important in glioblastoma cells, the role of this 
enzyme remains to be fully elucidated. 

Herein, we explored whether ADAR2 has an onco-suppressive 
role in astrocytoma growth and which substrates/molecular 
pathways are eventually involved. As ADARs may have editing- 
independent functions, 55 we investigated the role of both the 
wild-type and the deaminase-inactive version of ADAR2 in vivo. 

We first found that fully active ADAR2 significantly decreases 
the ability of astrocytoma cells to generate growing tumors in a 
mouse model, while the catalytically inactive ADAR2 E/A does not 
(Figure 2a). Moreover, mice injected with active ADAR2 astro- 
cytoma cells survived statistically longer than controls (Figure 2b). 
We investigated the possible mechanisms underlining these 
observations, finding that the deaminase activity of ADAR2 is 
essential to cell proliferation control. 

Indeed, ADAR2-overexpressing cells accumulate in the 
G1 -phase of cell cycle (Figure 1d; Supplementary Figure S3). The 
Skp2/p21/p27 molecular pathway, often impaired in GBMs, was 
found to be specifically modulated by ADAR2 activity, while other 
proteins (CDK4, CDK2, Cyclin D1 and Cyclin E) also important in 
this cell cycle checkpoint were found unaltered (Figure 3). In 
particular, active ADAR2 decreased Skp2 protein (usually upregu- 
lated in cancers) and conversely increased p21/p27 proteins 
(usually downregulated in a variety of tumors) in three 
astrocytoma cell lines and tumor xenografts (Figure 3). The 
finding that p21 and p27, two well-known tumor suppressor 
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CDC14B mRNA expression 

Figure 7. Editing and expression levels of CDC14B transcript in astrocytomas and control brain tissues, (a) The editing percentage (y axis) at 
each site (1-131) (x axis) within the intron 7-8 AluJr of CDC14B is shown in control tissues (mean of 3 samples, in black), grade I (mean of 7 
samples, in dark gray) and grade IV astrocytomas (mean of 12 samples, in light gray), (b) Representative sequence chromatograms of 
endogenous CDC14B (intron 7-8) from a white matter (Ctrl) and two astrocytoma tissues (grade I and IV) cDNAs. Top trace is gDNA from the 
same white matter sample. Arrows indicate editing positions and percentages, (c) qRT-PCR of CDC14B in control tissues (mean of 3 samples, in 
black), astrocytomas grade I (mean of 7 samples, in dark gray) and grade IV (mean of 12 samples, in light gray). Mean ± s.d. (n = 3), *P<0.05, 
**P<0.01. (d) Immunohistochemistry for CDC14B in representative samples of astrocytomas grade IV, astrocytomas grade I and normal brain 
tissues (Ctrl) (see Table 1). Endothelium is the internal positive control for CDC14B as shown in the bottom right panel, (e) Correlation of 
RNA-editing levels (y axis) and mRNA expression of CDC14B transcript (x axis) was analyzed in controls (black dots), astrocytoma grade I (dark 
gray dots) and grade IV (light gray dots) tissues. Examples of statistically significant correlation are shown. Non parametric Sperman's Rho 
correlation was used. A P value less than 0.05 was set as the limit for statistical significance for each editing site. 



genes, respond significantly to ADAR2 is intriguing and opens new 
questions on whether/how A-to-l RNA editing might be involved 
in other tumors. 11,16 

The observation that the ADAR2 deaminase activity is essential 
to specifically modulate the Skp2/p21/p27 pathway suggests that 
ADAR2 target gene(s) exist, which act upon this pathway in 



astrocytomas. As ADAR2 may edit several substrates in astroglia, 
we sought to identify new potential target genes involved in cell 
proliferation and cell cycle modulation in silico. The CDC14B 
transcript emerged as a new candidate, as it can regulate the 
S-phase entry in a Skp2-dependent manner. 46 Indeed, we found 
that CDC14B pre-mRNA undergoes multiple editing events in non- 
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coding regions in normal human brain (Supplementary Figure S5d 
and data not shown). Moreover, editing on CDC14B decreases in 
GBM tissues (Figures 7a and b, and data not shown) and in 
astrocytoma cell lines (Figure 4a and data not shown), while it is 
rescued upon ADAR2 overexpression (Figure 4a and data not 
shown). 

ADAR-mediated RNA editing in coding regions of mRNA targets 
is a well-known mechanism able to recode the genetic informa- 
tion by amino-acid substitutions. 33 On the contrary, the biological 
significance of RNA editing in non-coding regions of pre-mRNAs, 
such as Alu repeats, is still unclear. The idea is emerging that this 
type of editing may have an important role in RNA processing and 
in the modulation of gene-expression. 35,48,56 

Here, we report that ADAR2-mediated editing increases both 
CDC14B mRNA and protein levels in vitro and in vivo (Figures 4-6). 
This intriguing connection between CDC14B editing and expres- 
sion was established in vitro by overexpressing either the active or 
the inactive ADAR2 in three astrocytoma cell lines (Figure 4; 
Supplementary Figure S6) and by silencing the overexpressed 
ADAR2 in ADAR2-U118 cells (Figures 5a-d) and the endogenous 
ADAR2 in the A172 astrocytoma cell line (Figures 5e-f). Noteworthy, 
mice xenografts and human astrocytoma tissues further sup- 
ported our in vitro results (Figures 4e and 7d and Table 1). 

How ADAR2 enhances CDC14B expression is not completely clear 
and further studies are necessary to address this question. We 
observed an increase of CDC14B mRNA and a concomitant decrease 
of its pre-mRNA in U118. Thus, we propose that editing events on 
CDC14B, as the ones identified herein, may accelerate its maturation 
process (Figure 4b and data not shown). Indeed, A-to-l editing has 
the potential to alter directly pre-mRNA sequences important for 
splicing events, 30 as the ones identified in the CDC14B pre-mRNA 
sequences that undergo editing (Supplementary Figure S8). Despite 
these observations, we cannot rule-out the possibility that an 
indirect effect of ADAR2 editing might exist (such as editing- 
mediated pre-mRNA stability and/or editing on specific miR and/or 
editing on RNA/protein involved in splicing events). 

Another novel piece of information emerging from our studies 
is the fact that CDC14B is both edited and modulated by ADAR2, 
as previously shown for GluR-B and GluR-A transcripts 28 and as 
suggested for Munc18-1 and synaptotagmin-7 transcripts 56 How 
does CDC14B regulate astrocytoma cell proliferation? Our findings 
show that ADAR2-mediated-CDC14B upregulation significantly 
inhibits astrocytoma proliferation both in vitro and in vivo 
(Figures 4-7, Table 1) and that this occurs through the regulation 
of Skp2 protein (Figure 6). The contribution of this novel ADAR2 
substrate to astrocytoma tumor growth inhibition was demon- 
strated by the significant difference in cell proliferation between 
cells without a functional CDC14B in an ADAR2 background and 
ADAR2 cells (in which an active CDC14B was present). Indeed, 
ADAR2-mediated expression of CDC14B is sufficient to decrease 
consistently cell proliferation (Figure 6f). Interestingly, a stronger 
upregulation of the active CDC14B in ADAR2-cells further 
decreased U118 cell proliferation (Figure 6f), probably due to 
the simultaneous action of this protein on the different cell cycle 
checkpoints G1/S 46 and G2/M 57 This observation may imply that a 
higher expression of ADAR2 can further decrease cell proliferation 
as previously observed, 37 may be due to the action of CDC14B 
over multiple/different cell cycle check points. 

Indeed, CDC14B phosphatase seems to be implicated in 
several cell pathways, albeit sometimes with contradictory 
functions. 46,58,59 How this protein may act at multiple levels is at 
present unclear; most likely, CDC14B protein levels and/or 
different isoforms might be involved. An intriguing possibility is 
that RNA editing may be part of the equation, because we 
demonstrate that A-to-l RNA editing modulates CDC14B 
expression at least in brain. In line with these considerations, we 
observed that CDC14B editing and expression are connected in 
tissue samples, both being impaired in human astrocytomas. It is 




direct/indirect action 



Figure 8. Schematic representation of a model for the role of ADAR2 
enzyme in astrocytoma cell proliferation. ADAR2 promotes CDC14B 
editing and overexpression (directly and/or indirectly) in astro- 
cytoma cells. CDC14B leads to Skp2 degradation and consequent 
upregulation of p21 and p27 proteins, with cells accumulating in the 
G1 phase of the cell cycle. See also Supplementary Figure S5a. 

noteworthy that the decrease of CDC14B editing and expression 
correlates with the increase of astrocytoma aggressiveness and 
with poor patient outcome (Table 1). 

Based on our findings, we propose that ADAR2-editing enzyme 
has the potential to inhibit astrocytoma growth through the 
upregulation of CDC14B, which in turn affects the Skp2/p21-p27 
pathway (Figure 8). However, the existence of additional ADAR2 
substrates, beyond CDC14B, implicated in the tumorigenic process 
remains highly likely. 

Malignant gliomas are the most common primary brain tumor 
in adults and the most frequent solid neoplasia in children. These 
tumors are highly resistant to conventional treatments, highly 
aggressive and often located in critical areas of the brain and 
consequently difficult to treat by neurosurgery. Therefore, 
approaches aimed at identifying new molecular pathways and 
potential tumor suppressor genes are needed to design alter- 
native gene-therapy strategies and more effective and less toxic 
treatments. Our study reveals the importance of the ADAR2 
RNA-editing enzyme in brain cancer and represents an in vivo 
demonstration of the gene-therapy potential of ADAR2 for the 
treatment of gliomas. To this end, we can hypothesize that gene 
therapy-based approaches, aimed at introducing a wild-type copy 
of the ADAR2 gene or its downstream target molecules such as 
CDC14B into tumor cells, may represent a novel and effective 
therapy for these highly aggressive brain tumors. 



MATERIALS AND METHODS 

For additional materials and methods see Supplementary Information. 
Tumor and control tissues 

Astrocytoma tissue samples (Table 1) were dissected from tumor core and 
malignancy grade (from grade I to IV) was assessed according to the WHO 
classification. Control samples of normal white matter tissue were dissected 
close to the tumor during surgery. The study was approved by the local 
committee on the use of human samples for experimental studies and 
informed consent was obtained from each subject or subject's guardian. 

Immunohistochemistry 

Immunohistochemistry was performed on 3 urn sections using the 
streptavidin-biotin method. The percentage of stained cells was measured 
by scoring at least 6-10 fields per section (at least 5 sections were 
considered) by two blind observers and positive cells were divided by the 
total number of the hematoxylin-eosin-stained cells. Images were acquired 
through the LUCIA software, version 4.81 (Nikon, Sesto Fiorentino, 
Florence, Italy) with a Nikon Digital Camera DXM1200F. 

Tumorigenicity assay in nude mice 

2.5 x 10 6 or 8 x 10 6 cells (U1 18 and polyclonal cell lines stably transfected 
with EGFP vector, EGFP-ADAR2 and EGFP-ADAR2 E/A) were subcuta- 
neously injected in the flank of 6-week-old female nude mice 
(nu/nu, Charles River, Wilmington, MA, USA) after less than six serial 
passages in vitro. A total of 10 mice/cell line were injected on both flanks 
with untreated, EGFP, ADAR2 E/A and ADAR2 U118 cells, in two 
independent experiments (with a total of 20 mice/cell line). Tumor size 
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was assessed every 2 days by caliper measurement. Tumor volume was 
calculated as follows: volume (mm 3 ) = Dxd 2 x n/6, where D and d are the 
longest and the shortest diameters, respectively. For survival analysis, the 
mice injected with 2.5 x10 6 cells were monitored for 60 days. Mice 
injected with the three tumorigenic cell lines died or were killed for ethical 
reasons (500 mm 3 tumor size) within 48 days p.i. In particular, 62.5% of 
mice injected with the untreated cells, 50% of mice injected with the 
vector cells and 37.5% of mice injected with the ADAR2 E/A cells reached 
the 500 mm 3 tumor size. Differently, all the mice injected with ADAR2 cells 
developed extremely small tumors (with a tumor mass never reaching 
500 mm 3 ) and survived in healthy conditions. 

siADAR2 cell line and siCDC14B cell line 

To obtain an ADAR2-U118 cell line stably silenced for ADAR2, we used 
the BLOCK-iT inducible Pol II miR RNAi Expression Vector Kit by EmGFP 
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer's 
instructions. 

ADAR2-U118 cells (3 x 10 5 ) were seeded and then transiently silenced 
for endogenous CDC14B (ON-TARGETplus SMART pool, Thermo Scientific 
Dharmacon, Lafayette, CO, USA). After 24 h the silenced cells were 
transfected with 4|ig of CDC14B-flag and C314S-CDC14B-flag inactive 
constructs (kindly provided by G Rodier) using Lipofectamine 2000 
(Invitrogen) and cell proliferation was monitored for 3 days. 
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